Theoretical
considerations have shown that the five possible overlapping reading-frame configurations differ significantly in their coding flexibility and thus in their information content (Siegel and Fitch 1980; Smith and Waterman 1980) . Contrary to expectation, the overlapping frame configuration allowing the greatest coding flexibility is rarely seen, whereas one of the most constraining is common. We point out here that this overlapping reading-frame paradox and an observed but unexplained preference in coding regions for a pyrimidinepurine at codon boundaries (Shepherd 1981; Jones and Kafatos 1982; Smith et al. 1983 ) are intimately linked. The codon boundary preference, which may be related to translation efficiency or accuracy, places constraints on the evolution of overlapping coding regions. These considerations may help identify actual coding regions in DNA sequences.
We have analyzed five sequenced (enteric) bacterial insertion sequences for codon boundary incidences and reading-frame configurations and find that they are consistent with these proposed constraints.
In several bacteriophage and eucaryotic virus genomes and in many bacterial insertion sequences, it has been observed that potential protein encoding regions overlap, sometimes for a significant fraction of their length (Blattner et al. 1974; Sanger et al. 1977; Szybalski 1977; Gingeras et al. 1982) , The proteins that are encoded by the insertion sequences are probably involved in the processes by which these elements transpose. Rather simple theoretical considerations allow the identification of the overlapping reading frames with the minimum and maximum constraint on the choice of amino acids in these sequences (Siegel and Fitch 1980; Smith and Waterman 1980) . Because the middle base of the codon is the most determinate of the encoded amino acid and its chemical/structural properties, whereas the third base is the least determinate (Dickerson and Geis 1969, p. 23) , it follows that the overlapping frame configuration that places the second base opposite the third base is, on the average, less constrained in coding for amino acids than configurations that put the second opposite the second, or the second opposite the first. The quantitative measure of this flexibility is the information content (Siegel and Fitch 1980; Smith and Waterman 1980) . These frame configurations are depicted in table 1. Detailed analyses show that the expected information contents of the least and most constrained overlapping configurations differ by a factor of more than three (Smith and Waterman 1980) . Since the least constrained is rarely found, there must be some additional considerations that override this apparent advantage. For example, in the transposable genetic element called IS5 (insertion sequence), the frame configuration that places the second bases of the codons opposite one another apparently encodes the observed proteins (Rak et al. 1982) . In fact, in three other IS elements the only available large open reading frames also have this configuration (Rak et al. 1982; Krijger, personal communication) , as shown in figure 1.
An independent observation on codon usage in nonoverlapping, as well as in overlapping, reading frames is the statistically significant preference for codons ending in a pyrimidine nucleotide and/or beginning with a purine (Schoner and Kahn 1981; Shepherd 1981) . This codon boundary preference is even stronger in eucaryotic sequences examined than in procaryotic sequences, and the YR/RY ratio is often greater than 2 (Smith et al. 1983) . It has been suggested variously, and, in our opinion, unconvincingly, that this preference may be a statistical fossil of the ancient genetic code structure (Shepherd 1981 (Shepherd , 1982 Eigen 1978) or a result of protein structure constraints (Grantham et al. 1980) . Ikemura (1981) has pointed out that codon usage is also correlated with tRNA abundance. It seems more likely than the statistical fossil argument, as argued below, that the boundary preference is related to the efficiency or accuracy of the modern translation process itself (see also Ikemura 1981) . Whatever the reason for the observed preference, clearly it can only be absolutely maintained in the overlapping reading-frame configuration in which the first bases of the codons on one DNA strand are always opposite the third bases of codons on the other. This, however, is the second most constrained overlapping frame configuration of the five (Siegel and Fitch 1980; Smith and Waterman 1980) , with the middle codon bases always opposite one another (3 in table 1).
However, the codon boundary preference is just that, merely a preference which is a codon usage preference in part2 and one for which there are a few known exceptions (Smith et al. 1983) , notably in the genomes of the mammalian mitochondria. Thus it is of interest to ask, If the first codon position is a purine and the third is a pyrimidine with some given probability, can the order of the different overlapping reading-frame configurations be changed? Calculations were performed by the methods described previously (Smith and Waterman 1980), using conditional probabilities for neighboring codon occurrences but with the added constraint of unequal probabilities for purines and pyrimidines in the first and third positions. The differences in information content (between 1 and 3 in table 1) are significantly smaller than without this constraint, but no inversion in order is possible for any compatible values of the unequal probabilities. Thus, it is not a clear question of information capacity or coding flexibility. However, to maintain a codon boundary preference in both frames in configurations 1, 2, 4, or 5 (table 1) requires the imposition of asymmetric constraints on the middle base position 2. For the five fourfold and three sixfold degenerate codon sets, simple preferential codon usage could provide pyrimidine preference in third bases, but only in the case of Ser and Arg could synonymous codon usage provide a purine preference in first bases as well.
for the two overlapping coding frames. It is only in configuration 3 that these asymmetric constraints can be avoided. In this case, the boundary preference in one frame is reflected in the other frame with no additional constraints imposed. In this sense it is the least constrained configuration, when the codon boundary preference is imposed. (The full implications of the constraints on position-dependent probabilities are complex but not very enlightening for the present discussion, so they will not be elaborated here [Galas and Smith, unpublished] .) In the bacterial insertion sequences, and in IS5 (Engler and Van Bree 1983) in particular, we have an opportunity to examine several strongly overlapping reading frames (Blattner et al. 1974; Szybalski 1977; Kroger, personal communication) . There are two protein-encoding reading frames in IS5 (Rak et al. 1982) . The data in table 2 for these two overlapping reading frames strongly support the idea that the "choice" of frame overlap configuration was due to the need to maintain the codon boundary preference. In fact, in these particular sequences the enhancement in the YR over RY codon boundary preference in the overlapping region suggests that the statistical requirement for ending with Y and beginning with R may be independent. In the largest of the IS5 protein coding sequences, the nonoverlapping region has a YR/RY ratio of only 1.3, whereas the overlapping region has a value exceeding 2.0 (see table 2 ). The apparent requirement cannot be simply to have an average preference for YR, since the presumptive 30% preterence in the larger frame automatically exists in the other, given the overlapping configuration between these two coding frames. Thus, a possible implication of this particular frame relationship is that the YR preference at each codon boundary is independently determined and therefore the observed preference in _ the overlap is multiplicative. Note again that all other frame relationships impose on one or the other coding sequence the opposite preference. We have chosen to use the ratio YR/RY as the indicator for codon boundary preference because this parameter has the important property of being independent of base composition.
As pointed out by Rak et al. (1982) and others (Klaer et al. 1980; Kroger, personal communication) , many insertion sequences have coding frames arranged in a characteristic manner-a large, open frame coding in one direction and a significantly shorter frame coding in the opposite direction, with frame configuration 3 in table 1. In figure 1 , four such elements with their open reading frames (criteria are in the figure legend) are shown (IS903, IS5, IS2, IS4). In spite of their structural similarity, it should be noted that there is no obvious DNA or amino acid sequence homology among these open frames and their potential proteins (a very weak similarity of doubtful significance exists between ISZ and IS4; data not shown). The first element shown in the figure, ISI, is peculiar in this respect by not having a single, long, open frame. It is both the shortest element of those shown here and the most complex in potential coding frame arrangements. It is like the others, however, in having two opposite-strand, aligned reading frames (3 in table 1) in the left half of the element (frames designated A and D).
When we examine the codon boundary statistics of the open reading frames in all of the elements of figure 1 (table 2), we find that the four elements have preferences for YR at the codon boundaries in the long, open frames and at least one of the opposite-strand, shorter frames. In the region of overlap between opposite-strand, in-frame reading frames, this codon boundary preference is often significantly enhanced, as noted above for the known protein-coding frames in NOTE.-The "small" coding frame in IS5 (S,) is completely within the "large" frame (L). The numbers refer to the ratio of the number of boundaries found with the pyrimidine-purine (YR) character to those with the purine-pyrimidine (RY) character. The reading frames indicated in the table are those shown in fig. I . Ohtsubo et al. 1981 have suggested that A and B in ISI are real coding regions by comparison of these open frames with a closely related insertion sequence. The numbers in the figure may be compared with the expected value of YR/RY if codon usage were completely random, i.e., all sense codons occur with equal probability (this is, of course, highly unrealistic). In this case the ratio is expected to be 1.2.
a As in fig. I , only open reading frames beginning with ATG or GTG and containing at least 50 codons were considered.
b These open reading frames have several possible starts. B in ISI has one further upstream than that shown in fig. I and many downstream. c This frame actually begins with a GTA codon. but it is included here because the YR/RY ratio is quite high.
d This particular reading frame, while having a YR/RY boundary ratio of greater than I .5. does not show YR as the maximum. YY is the slightly more frequent boundary (by three codons).
IS.5. With respect to ISI, we find that A and D have a very strong codon boundary preference for YR (YR/RY ratio greater than 2.5).
A particularly interesting case is encountered for open reading frame B of ISI, which has been implicated as an actual coding frame by Ohtsubo et al. (1981) for other reasons (called InsB in their paper). Here the longest open frame, and thus perhaps the one most strongly expected to encode a real protein, does not display the novel coding region preference (this point has also been recently noted by Iida et al. [1983] ). In fact, it displays the opposite preference, whereas the open frame most overlapping B, C, displays a strong YR preference (YR/RY of 2.1). C is not in configuration 3 with respect to B. Note that for two overlapping reading frames with the codons out of phase, only one can be expected to display a YR boundary preference. In this case it is C rather than B. We have also calculated the third-order Markov correlations3 for the central base of the codons in B (Smith et al. 1983 ) and find that it is consistent with a random distribution of the observed base composition in that position. Frame C not only has the expected YR boundary statistics and reasonable third-order Markov correlations but has a presumptive promoter just upstream. By the above statistical criteria, C seems the more likely actual coding frame. However, if B does encode a functional protein, its unusual character might suggest a different origin or that different selection pressures have been exerted on this protein. From the codon boundary preference in frames A-F in ISI and the histograms in figure 2, it appears that frames A, C, and D are the most likely to encode proteins. Similarly, it would appear that S, and S, in IS5 and S, in IS4 are unlikely to encode proteins. Note that this is true in spite of the fact that, just like S,, S, in IS4 is in frame (3 in table 1) with the opposite-strand encoded frame L, just like S,.
Under the assumption that, like small viruses or phages, there is a selective advantage to being highly compact and information efficient, one would expect that some, if not all, such systems will use the least informationally constrained (maximum coding flexibility) overlapping frame configurations (1, 2, or 4 in table 1). Since this is apparently not the case, particularly for IS5 where two proteins have been detected (5), we conclude that the generally observed properties of protein coding regions in DNA represent additional constraints, like the codon boundary preference, that supersede the presumed advantage of higher information density. This, in turn, implies that a maximum length, open reading frame as the principal criterion for identifying probable protein coding regions is likely to be misleading, as we suggest it may be in ISI. It should be noted that under the simplest codon usage model (random occurrence of all sense codons with codons with equal probability), the expected average YR/RY codon boundary ratio in long, open reading frames is 1.22. Such a random model is, of course, highly unrealistic for known coding domains (Grantham et al. 1980 1980; Ikemura 1981) . The statistical significance of the observed ratio is hard to evaluate since such things as known codon usage frequencies predict a large fraction of the observed value but may themselves arise in part from a need to maintain this very ratio. A critical question is, Are there other possible reasons for the observed reading-frame preference? For example, most of the presumptive IS proteins are very arginine-lysine rich, as might be expected of some DNA binding proteins, and one must ask whether this property might influence the reading-frame overlap configuration. Since the three positive amino acids are encoded primarily by RNR and YNY codons, it can be seen (calculations not shown) that the observed configuration (3 in table 1) is as compatible as some others with regions rich in these codons, and therefore the charge of the protein is probably unimportant to the configuration.
The statistical preference discussed here may be considerably more fundamental than has been suspected. Some recent results could be interpreted to imply that this preference is involved in the translation system's ability to identify the "proper" open reading frames ( fig. 1 ) or to minimize successive frameshift errors in translation (Weiss and Gallant 1983; Kurland and Gallant, accepted) . The study of the effect of surrounding sequences on the efficiency of nonsense suppression has recently revealed that a purine on the 3' side of the codon being suppressed generally enhances the efficiency of translation by suppressor tRNAs through the nonsense codon (Bossi 1983; Miller and Albertini 1983) . The strength of the effect appears to depend on the particular suppressor tRNA.
The codon boundary preference has also been noted in a completely different context in the mutational history of a protein gene family by Jones and Kafatos (Jones and Kafatos 1982) . A recent study (Milkman and Crawford 1983) of neutral mutations (no amino acid change) of trp operon genes in strains of Escherichia coli reveals a very strong bias for purine to pyrimidine changes in the third base position of the codon, which also suggests the importance of maintaining (or enhancing) the codon YR boundary preference. We must conclude that the codon use reflected in the boundary preference is of more than peripheral interest, since it is manifested not only in the overlapping reading-frame configuration "paradox" discussed above but also in a number of other recent investigations cited above (Bossi 1983; Miller and Albertini 1983; Weiss and Gallant 1983; Kurland and Gallant, accepted) . In any case, the understanding of this question will be important in investigating the heavily constrained evolution of multiple coding regions. The IS's may provide an important system in which to investigate this coding property. Note, for example, that elements like IS903, IS2, IS5, and IS4 ( fig. 1 ) that have a long (presumed real) coding frame taking up most of the length of the element are very limited in what other proteins they can code for. Any other open frame of reasonable length must overlap the longest one, and if the codon boundary preference discussed above is to be maintained, there is only one frame on the opposite strand that can be used for encoding a protein. These considerations suggest that the evolution of a second protein coding gene on the opposite strand of an existing, functional gene probably proceeds by the molding of the preadapted, in-frame codons on the opposite strand (configuration 3, table 1). A coding region is much more likely to evolve in this frame because, whatever the source of the advantage of the Y/R preference, it already exists in this form by virtue of its relationship to its counterpart on the other strand.
